The effects of gamma radiation and monochromatic lights on growth of in vitro shoot cultures of orchid, Dendrobium sonia, were investigated. The gamma irradiated shoot cultures grown under white, blue, yellow and red monochromatic lights exhibited differential growth pattern. Shoot cultures gamma irradiated at 15-45 Gy showed reduced shoot length, fresh weight and leaf area. The monochromatic light significantly influenced survival rate and growth of irradiated shoots. The yellow and red light treatments positively influenced survival of gamma irradiated shoots with significant increase in fresh weight, shoot length and chlorophyll content. Yellow light was found to be most effective as leaf area was increased across the radiation dose range (15-100 Gy) compared to red light. The results demonstrated that the method of post-irradiation exposure could be useful to improve growth of gamma irradiated in vitro shoots, and help to recover orchid mutants with novel modifications.
Introduction
Radiation mutagenesis has become an established tool in plant breeding with significant contribution to crop improvement by improving existing cultivars [1, 2] . There is a great interest in developing mutants of ornamental plants for flower shapes and colors [3] as the species are amenable to mutation induction and selection based on flower color and plant type mutations is relatively easy [4] . Of the >3200 officially released, improved mutant plant varieties, more than 625 belong to ornamental plant category, improved for flower type, leaf size, pigmentation, photoperiodic response and early flowering [5, 6] .
Orchids are the popular ornamental plants among the members of the Orchidaceae that constitute the largest botanical family of higher plants [7] . These ornamental plants are known for their long lasting fragrance and quality of flowers. In India, orchids are mainly grown in the north-eastern region in the dense evergreen forests under conditions of low temperature and high humidity [8] . The genus Dendrobium is the largest genus belonging to Orchidaceae with most members being epiphytic. Dendrobium has approximately 1500 species and almost one fourth of them are used for their high ornamental value [9] . Because of their commercial value in the horticulture sector, development of new and novel orchid varieties having exotic color, size and shape of flowers under diverse agro-climatic conditions has become an attractive option [10] . One of the breeding strategies for orchids is through induced mutation in which orchid plants or cells are exposed to mutagens such as gamma rays, x-rays, electrons or ion beams or chemical agents [10] . Among the targeted breeding traits for orchid mutants are flower color, sizes, morphology and shelf life as well as plant architecture and vigor. Although several new mutant varieties have been developed in ornamental plants using gamma radiation and are propagated for new traits [11] [12] [13] , only few mutant varieties of D. sonia have been successfully generated through mutagenesis namely 'Keena Oval', 'Ahmad Sobri', 'Keena radiant' and 'Hieng Ding' [14] .
In vitro organogenesis is the process where de novo organs can be induced from cultured tissues (explants), under the influence of certain physical and chemical conditions such as the type of explants, basal medium, growth regulators, carbohydrate source, light, and temperature [15] . In vitro cell and tissue cultures provide several advantages for mutation breeding, as sufficient, high amount of in vitro material can be generated for mutagenesis and ease in post-mutagenesis handling [16] . However, the method is often challenged by lower mutation induction frequencies and lower regeneration rate because there is always discrimination of mutagenized cells against normal, non-mutagenized cells resulting in loss of mutant cell progenies [17] . This is referred to as intrasomatic competition and can be manipulated by in vitro conditions such as medium ingredients or physical environment to stimulate better growth of mutant cells [17] . In this regard, partial desiccation has been shown to favour regeneration response of high dose gamma irradiated in vitro cultures of sugarcane [18] . Since monochromatic light treatment has shown stimulatory effect on in vitro morphogenesis in different plant species [19] including orchids [20, 21] , we have applied this method to augment in vitro regeneration of mutagenized orchid tissue cultures.
Plant growth and development is strongly influenced by light, depending on wavelength (quality), intensity (quantity) and duration [22, 23] . Red and blue light spectrums have the maximum impact on plant growth because they are the major energy sources for photosynthetic CO 2 assimilation in plants [24, 25] . Spectral light changes can induce different morphogenetic and photosynthetic responses among different plant species [26] . Such photoresponses are of practical importance in plant cultivation practices since the possibility of specific light spectra could facilitate the control of growth, development and nutritional features [27] . Terrestrial orchids need stronger light than epiphytic orchids [28] . Reports on the effect of artificial light spectral intensities on plant growth, particularly in orchids are limited [21] . In other plants, blue light treatment improved the efficiency of favourable adventitious rooting [29] . However, such studies in relation to radiation mutagenesis to see if light exposure can be used to stimulate growth and regeneration of irradiated cultures are scarce, especially in an important commercial orchid, Dendrobium sp. In this study, we report the in vitro growth responses of Dendrobium orchid to gamma radiation and effect of different monochromatic lights on growth of gamma irradiated in vitro shoot cultures.
Materials and methods
Dendrobium sonia orchid plants were maintained at the greenhouse facility (Department of Life Science, Maharaja Ranjit Singh College of Professional Sciences, Indore, India) at 22-25 C temperature and >60% relative humidity. Rhizome buds from the ex vitro plants were used as explants to initiate in vitro shoot cultures. These explants were thoroughly washed in running tap water for 10 min, surface sterilized with 0.1% mercuric chloride for 3 min followed by 70% alcohol for 30 s and finally rinsed thrice with sterilized distilled water [21] . These surface sterilized explants were then cultured on to Murashige and Skoog's (MS) [30] basal medium supplemented with sucrose (3% w/v), 6-benzylaminopurine (BAP 2 mg/l) and gelling agent agar-agar (0.6% w/v). The cultures were incubated under white fluorescent Light Emitting Diodes (LEDs) light (17.7 mmol/m 2 /s) with 16 h illumination and 8 h dark photoperiod at [22] [23] [24] [25] C and >60% humidity.
Gamma irradiation of in vitro shoot cultures
One month old in vitro regenerated shoots of approximately 3 cm in length were exposed to gamma radiation using 60 Co gamma irradiator -Gamma Cell 220 (5.7 Gy/min dose rate) at the Bhabha Atomic Research Centre (BARC), Trombay, Mumbai, India. The shoots were exposed to gamma radiation at different doses (0, 15, 30, 45, 60, 80 and 100 Gy) by varying duration of exposure based on the dose rate. After irradiation, the shoots were immediately transferred to fresh shoot multiplication medium comprising of MS basal medium fortified with BAP (2.5 mg/l), indole-3 acetic acid (IAA 2 mg/l), sucrose (3% w/v) and gelling agent agar-agar (0.6% w/v) for further studies.
Post irradiation exposure of shoots with monochromatic light regimes
Subsequent to gamma irradiation, cultures were incubated separately in four chambers illuminated with different monochromatic lights. For this purpose, four separate wooden chambers painted with white colored reflective paint were fabricated and the inside-top was fitted with monochromatic light sources of four different wavelengths. These monochromatic lights were provided using Light Emitting Diodes (LEDs) of blue (450 nm), yellow (570 nm) and red (680 nm) lights with intensity range between 15-25 mmol/m 2 /s (Table 1 ). For comparison, a separate set of cultures maintained under white LED light (400-700 nm wide range). Light illumination of respective wooden chamber was kept under digital timer control that was set for 16 h illumination and 8 h dark to maintain the photoperiod.
The gamma irradiated shoots were passed through M1V1 up to M1V4 subculture cycles (with 30 days of subculture interval). Post irradiation, survival rate (%) was recorded at M1V1 and M1V4 stage and observations were recorded on different growth parameters like total fresh weight (gm), leaf area (mm 2 ), shoot length (cm), and chlorophyll content (mg g À1 FW).
Estimation of total chlorophyll content
The total chlorophyll content of the newly emerged leaf was determined by extracting the pigment with 80% (v/v) acetone [31] . Briefly, leaves of each treatment were excised and washed with sterile distilled water, and excess moisture was removed with blotting paper. Known quantity (0.1 g) of freshly chopped leaves was ground in 5 ml of 80% acetone and centrifuged at 6000 rpm for 12 min. Absorbance of the supernatant was measured at 645 nm, and 663 nm wavelengths with the help of spectrophotometer (Systronics 117, UV-VIS Spectrophotometer) by keeping 80% (v/v) acetone as blank.
Total Chlorophyll (mg g À1 FW) = (20.2*A 645 + 8.02*A 663 ) * (V/ 1000 * W) Where, A is the absorbance at given wavelength, V is the total volume of acetone extract (ml) and W is the fresh weight (g) of the sample.
Plant acclimatization
The individual shoots measuring 1-2 cm long were transferred onto MS medium containing 3% sucrose fortified with 3 mg/L IAA for root induction. The plants with 3-4 roots in number and approximately 1 inch in length were selected for hardening and acclimatization [21] . The well established plantlets were transplanted into small pots containing coco-peat for two weeks and kept under 70-80% relative humidity at 24-28 C, followed by transfer to large sized pots containing coco-peat under greenhouse conditions. The plants were sprayed with water, twice every day in the morning and evening. 
Statistical analysis
All the experiments were repeated twice with ten shoots for each treatment and results were expressed as mean AE standard error (SE). The data were subjected to one-way analysis of variance (ANOVA) and the differences between means were tested using Duncan's multiple range test (DMRT) (P 0.05) using SPSS 16.0.
Results and discussion

Effect of gamma radiation on in vitro shoot cultures
In vitro shoot cultures of Dendrobium sonia were exposed to gamma rays at different doses (0, 15, 30, 45, 60, 80 and 100 Gy) and maintained under white LED-light. Gamma irradiation significantly affected growth of the in vitro shoots (Fig. 1) . Survival rate of irradiated shoots was found to decrease with increase in gamma radiation dose up to 45 Gy and beyond this dose; cultures did not survive ( Table 2 ). The LD50 (lethal dose 50) appeared to be around 30 Gy, based on the survival rate of the cultures. Shoot cultures irradiated at 15-45 Gy gamma ray doses showed reduced shoot length (Table 3) , leaf area (Table 4 ) and fresh weight (Table 5 ).
Effect of monochromatic light treatments on gamma irradiated in vitro shoot cultures
The effects of monochromatic light (Blue, Yellow and Red) on the morphology of in vitro shoot cultures of Dendrobium sonia are presented in Figs. 2 and 3 . In vitro shoot cultures irradiated at higher gamma ray doses above 45 Gy and exposed to blue LED light did not survive, whereas yellow and red LED light exposure favored survival of irradiated cultures even at higher gamma ray doses (Table 2 , Fig. 3 ). In blue light treatment, cultures irradiated with 15, 30, and 45 Gy gamma doses had shown low (20-60%) survival rate (Table 2) , while no shoots survived at 60, 80 and 100 Gy gamma doses. Shoot cultures irradiated and maintained under blue light Control  100  100  100  100  15 Gy  100  20  100  60  30 Gy  40  60  100  20  45 Gy  20  40  100  40 showed reduced shoot length (Table 3) , leaf area (Table 4 ) and fresh weight (Table 5 ).
In the present study, yellow light significantly enhanced fresh weight and leaf area as compared to all other light sources (Figs. 2B,  3 ). The yellow light treatment was found favorable for the survival of gamma irradiated shoots with maximum survival percentage (100%) at all the radiation doses ( Table 2) . Yellow light treatment resulted in significant increase in fresh weight (Table 5 ) and shoot length to (Table 3) at 15, 30 and 45 Gy. Higher doses 60, 80 and 100 Gy showed decrease in fresh weight (Table 5 ) and shoot length (Table 3) . Similar trend was observed in case of exposure of cultures to red light. Exposure of irradiated shoot cultures to yellow and red LED lights did not differ much in terms of shoot length, fresh weight and leaf area at 10 to 45 Gy but at higher gamma doses (beyond 45 Gy) better shoot length and fresh weight were recorded under red light treatment (Tables 3 and 5) . Yellow light was also found to be very effective as leaf area was increased (ranging from 22.8-37 mm 2 ) at all the radiation doses (15, 30, 45, 60, 80 and 100 Gy) compared with red light (Table 4) .
The leaf total chlorophyll content of all the gamma irradiated and monochromatic light treated shoot cultures was determined except for the shoots irradiated at higher doses (beyond 45 Gy) as these shoot cultures failed to survive and/or produce leaves. The shoots irradiated at 15 and 30 Gy followed by white and blue light treatment exhibited higher chlorophyll content than respective control (non-irradiated) shoots (Table 6 ). Similar trend was also noticed for 15 and 30 Gy irradiated cultures under yellow and red light ( Figs. 1 and 2 ). In case of yellow and red light treatments for shoot cultures exposed to higher doses (45 Gy-100 Gy), there was no definite trend for changes seen in chlorophyll content. The gamma irradiated cultures under white light showed higher chlorophyll content followed by yellow light treatment (Table 6 ). Plantlets transplanted into small pots containing coco-peat (Fig. 4) were acclimatized with good survival (100%).
Gamma radiation mutagenesis is one of the viable options for the generation of new and novel genetic variability in ornamental plant species [32] [33] [34] . Gamma rays, in combination with in vitro cultures, have been used in ornamental plants such as orchid [13] , chrysanthemum [35] , and rose [36] . Dendrobium is the most popular commercial orchid and new varieties with improved plant and floral characteristics are in constant demand. Mutations could generate phenotypic variations in both vegetative and reproductive characteristics and the approach is particularly useful for Dendrobium improvement because it is highly heterozygous and is genetically diverse. In our earlier study, we reported effects of monochromatic lights on growth and morphogenesis of D. sonia [21] . It is essential to study the radiosensitivity in each case to estimate lethal dose (LD50) to focus on the effective doses at which higher frequency of the mutants can be isolated [1, 2] . In this study, protocorm-like bodies (PLBs) were exposed to each irradiation dose and growth parameters were assessed. The results showed that LD50 was 30 Gy. In contrast, previous report on Dendrobium sonia-28 the LD50 for the PLBs was approximately 43 Gy [37] . In Cymbidium orchid, Kozlowska-kalisz [38] reported that a dose of 20 Gy inhibited growth of PLBs and 70 Gy was the lethal dose. In a recent study, Lee et al. [39] assessed the relative growth rate of PLBs of Cymbidium hybrid, RB001 and found LD50 g-ray dose was approximately 40 Gy. In our study, lower dose of 15 Gy did not show much inhibitory effect on survival but stimulated shoot length, leaf area and chlorophyll content. Low dose irradiation induced stimulatory effects have been shown in other plants and Values in the parenthesis represent AE standard error of mean, Different letters in superscript indicate significance of differences using DMRT at p 0.05. this is attributed to change in hormonal balance or increase the antioxidant capacity of cells [40, 41] . Higher doses beyond 45 Gy did not result in survival and growth of cultures which is possibly due to disturbed protein synthesis, hormone imbalance and altered leaf gas exchange [42] . In Oncidium lanceanum orchids, ion beam irradiation induced highest average fresh weight of PLBs up to 6.0 Gy which decreased at higher doses (12 Gy) but, the PLBs didn't regenerate into complete shoots [43] . Such growth inhibition at higher doses could be attributed to the cell cycle arrest during somatic cell division and (or) varying damage to the entire plant genome [44] . Radiation mutagenesis in combination with in vitro culture has become useful for the generation of new genetic variability, selection and multiplication of the mutant clones [3] . For undertaking mutagenesis, meristematic cells or tissues are propagated in vitro to generate adequate plant material for mutagenic treatment and handling post-mutagenesis. Often, mutagen affected cells are discriminated against the large population of normal growing cells and this causes potential loss of mutant cell progenies. This process referred to as intrasomatic competition can be handled by amending in vitro conditions (medium composition or some other factors) resulting in stimulating growth of mutant cells [17] . In sugarcane, partial desiccation has been shown to be effective for augmenting plant regeneration response of higher gamma ray dose irradiated in vitro cultures [18] .
The post-irradiation treatment of monochromatic light regimes demonstrated significant positive effects on survival, growth and development of gamma irradiated shoots of Dendrobium (Tables 2-5 ). Further, our results showed that yellow and red monochromatic light spectra ameliorated the impact of radiation damage and survival of the in vitro shoots. The LEDs have been successfully employed to stimulate in vitro morphogenesis [45] [46] [47] . In our previous study, we have reported differential morphogenic responses in PLBs of Dendrobium sonia to different monochromatic lights and it was found that yellow and red light positively influences in vitro shoot multiplication response [21] . The PLBs of Oncidium and Dendrobium officinale cultured under red LED showed poor productivity, while the application of blue LED resulted in the enhanced productivity [45, 48] . Red light significantly improved the adventitious bud development and stem elongation in different plants including Petunia and Gerbera [49] [50] [51] [52] . There is also evidence that such attributes might be due to the presence of some photosensors and spectral overlaps that switch between green, orange and red spectral regions that can be selectively toggled to control plant growth, development, physiology and morphogenesis [27] . The wavelengths ranging between 500-600 nm also represent the photosynthetically active radiation (PAR) which could be useful to manipulate plant stature, color, nutrients and other attributes [46] . Values in the parenthesis represent AE standard error of mean, Different letters in superscript indicate significance of differences using DMRT at p 0.05. Chlorophyll is fundamental to photosynthesis for absorbing light energy. In this study, we have shown that shoots grown under yellow and red LED lights had higher chlorophyll content compared to those under white and blue LED lights. In Houttuynia cordata seedlings, yellow and blue LED resulted in the higher soluble sugar contents [53] . Although, blue LED is known to have a major absorption spectrum for chlorophyll, in our study, we observed that yellow LED exhibited positive effects on growth of gamma-irradiated shoots in terms of leaf area and chlorophyll content. It is interesting to investigate further the precise mechanism underlying such stimulatory effect. Wang et al. [54] found that carbohydrates contents were consistent with the transcript levels of Calvin cycle genes of Cucumis sativus plants exposed to different LEDs and suggested that yellow and blue LED light could up-regulate the carbohydrates biosynthesis related genes.
Conclusion
Our results show that the post-gamma irradiation exposure of in vitro shoots of Dendrobium to monochromatic light regimes has a positive effect on survival, growth and leaf area. Although the plant regeneration response from in vitro shoot cultures of PLBs of Dendrobium sonia as achieved in this study is not high, the findings can be useful especially in view of low or no regeneration occurring in high gamma ray dose-irradiated (mutagenized) cultures. Further fine-tuning in the treatment methodology can improve regeneration response in high dose irradiated in vitro cultures.
Author contribution statement
VB, MJ and PS conceived the study, designed the experiments; VB performed experiments, analyzed data; PS and SJM wrote the manuscript. PS and MJ coordinated the entire study. All authors read and approved the manuscript.
